The main goal of this research was to estimate the actual evapotranspiration (ET c ) of a drip-irrigated apple orchard located in the semi-arid region of Talca Valley (Chile) using a remote sensing-based soil water balance model. The methodology to estimate ET c is a modified version of the Food and Agriculture Organization of the United Nations (FAO) dual crop coefficient approach, in which the basal crop coefficient (K cb ) was derived from the soil adjusted vegetation index (SAVI) calculated from satellite images and incorporated into a daily soil water balance in the root zone. A linear relationship between the K cb and SAVI was developed for the apple orchard K cb = 1.82¨SAVI´0.07 (R 2 = 0.95). The methodology was applied during two growing seasons (2010-2011 and 2012-2013), and ET c was evaluated using latent heat fluxes (LE) from an eddy covariance system. The results indicate that the remote sensing-based soil water balance estimated ET c reasonably well over two growing seasons. The root mean square error (RMSE) between the measured and simulated ET c values during 2010-2011 and 2012-2013 were, respectively, 0.78 and 0.74 mm¨day´1, which mean a relative error of 25%. The index of agreement (d) values were, respectively, 0.73 and 0.90. In addition, the weekly ET c showed better agreement. The proposed methodology could be considered as a useful tool for scheduling irrigation and driving the estimation of water requirements over large areas for apple orchards.
Introduction
The Maule region is the most important producer of apples (Malus domestic Mill.) in Chile, with 18 ,863 ha that represent 63% of the national cultivated surface [1] . During the growing season, rainfall amounts do not cover crop evapotranspiration requirements, so all fruit orchards need to be irrigated. In recent years, water storage has decreased steadily due to the increase in irrigated surfaces, and the droughts caused by El Niño and the Southern Oscillation ENSO climatic phenomena [2] . The experimental plot was a 5.2 ha commercial block planted in 2008 with "Pink lady" apple trees on M7 rootstock. Apple trees were in a high density planting system (1.5 × 4 m spacing) and trained on the solaxe system, bending the fruiting branches artificially or naturally and developing free growing fruiting branches [34] . The irrigation system was a surface drip with 4 emitters per tree (4 L·h −1 per emitter). There were double pipelines per tree row, one on each side of the trunk. The emitters along the lines were spaced at 0.75 m. The volumetric soil water content at field capacity was 0.38 m 3 ·m −3 (or 304 mm), and the wilting point was 0.25 m 3 ·m −3 (or 200 mm) for the effective rooting depth (0.8 m).
The tree rows were orientated in the East-West direction, and the average tree height was between 3.5-4 m. Fruit thinning was carried out every season to obtain a crop load between 200-250 fruits per tree. Apple orchard management was oriented toward increasing the yield, fruit size and fruit quality. The soil surface was covered by growing weeds from the initial growth stage to December. The experimental plot was a 5.2 ha commercial block planted in 2008 with "Pink lady" apple trees on M7 rootstock. Apple trees were in a high density planting system (1.5ˆ4 m spacing) and trained on the solaxe system, bending the fruiting branches artificially or naturally and developing free growing fruiting branches [34] . The irrigation system was a surface drip with 4 emitters per tree (4 L¨h´1 per emitter). There were double pipelines per tree row, one on each side of the trunk. The emitters along the lines were spaced at 0.75 m. The volumetric soil water content at field capacity was 0.38 m 3¨m´3 (or 304 mm), and the wilting point was 0.25 m 3¨m´3 (or 200 mm) for the effective rooting depth (0.8 m).
The tree rows were orientated in the East-West direction, and the average tree height was between 3.5-4 m. Fruit thinning was carried out every season to obtain a crop load between 200-250 fruits per tree. Apple orchard management was oriented toward increasing the yield, fruit size and fruit quality. The soil surface was covered by growing weeds from the initial growth stage to December.
Soil Water Balance Driven by Remote Sensing Data
In this study, a remote sensing-based soil water balance performed in the root zone was applied to estimate actual evapotranspiration. The soil water balance was expressed in terms of root zone water depletion following FAO-56 approach [3] : D r,i " D r,i´1´Pi´Ii`E T c`D P i (1) where P i is precipitation (mm), I i is irrigation (mm), ET c is actual evapotranspiration (mm) and DP i is deep percolation (mm). D r,i and D r,i´1 are the cumulative depletion depths (mm) at the end of days i and i´1. An initial depletion D r,i´1 of zero was assumed-following a heavy rain to initiate the water balance. This value correspond to the D r,i at the beginning of the next day, thus the depletion at the end of the day D r,i is recalculated after any drainage loss is estimated and after any reduction in ET c , to account for low soil water content. Based on the behavior of the ground water level and intensity of rainfall at the study site, the water balance equation was simplified by neglecting capillary rise and surface water run-off. Soil water content sensors buried at different depths showed that capillary rise did not occur into the root zone, whereas run-off was neglected for two reasons: first, the gentle slopes in the field, and second, rainfall usually does not occur during the irrigation season. The water balance methodology allowed an assessment of the comparison between simulated and observed values, and its formulation can also be inverted to estimate irrigation requirements. The evapotranspiration was calculated following the FAO-56 dual crop coefficient approach, described in depth by [3] . We will present a brief description of the dual crop coefficient methodology and further modifications for the assimilation of remote sensing data. In the dual crop coefficient approach, ET c is estimated as follows [3] :
where K cb is the transpiration coefficient or basal coefficient, K e is the evaporation coefficient of the bare soil fraction and K s is the water stress coefficient. The equations to derive these three coefficients are described below.
Calculation of Satellite-Based Basal Crop Coefficient
The basal crop coefficient (K cb ) represents primarily the transpiration component of ET c including a small evaporation component supplied by soil water below the dry surface and by soil water from beneath dense vegetation [3, 7] . Values of K cb reported in the literature for many crops have been obtained for specific conditions and can differ considerably from local conditions. As mentioned previously in the introduction, remote sensing is a useful tool to obtain an actual reflectance-based crop coefficient. In this work, K cb values of a drip-irrigated apple orchard were obtained using a linear regression between the measured basal crop coefficient and the soil adjusted vegetation index (SAVI) obtained from canopy reflectance using satellite images [8, 15, 19, 26] . Measured values of the ground K cb were obtained using the ratio of ET c from an eddy covariance system to grass reference evapotranspiration (ET o ) selecting dates with no stress and minimum soil evaporation (3-4 days following an irrigation or rain event).
Calculation of Soil Evaporation Coefficient
The soil evaporation coefficient (K e ) was estimated based on the daily calculation of the water balance in the topsoil evaporation layer as is stated in FAO-56 [3] :
K e " K r pK c_max´Kcb q ď p1´f c q K c max (3) where K r is a soil evaporation reduction coefficient, K c_max is the maximum value of crop coefficient and f c is the fraction cover. The maximum value of the crop coefficient was set equal to 1.2 because of the contribution of evaporation from wetting intervals greater than 3 or 4 days [3] , and the fraction cover values were derived from SAVI values using the relationship obtained by [35] for a row structured vineyard. Some authors have shown that under high evaporation conditions, the FAO-56 model overestimates soil evaporation at the beginning of the process [36, 37] . We applied the correction proposed by [37] to improve the daily evaporation estimation of FAO-56 using the reduction of the readily evaporable water (REW) coefficient to limit stage I (evaporation occurs at the same rate as atmospheric demand) and the application of a factor (m) to reduce the K r coefficient in stage II (evaporation is lower than the atmospheric demand as a consequence of soil retention forces). In this study, a reduction factor of 0.5 was adopted. Considering the correction, values of K r can be computed as:
where the REW was set equal to 4 mm according to the model calibration proposed by [37] . The cumulative water depletion at the end of day i in the evaporable layer (D e,i ) was obtained by computing a daily soil water balance in the surface soil evaporation layer. The total evaporable water (TEW) was estimated as TEW = (θ FC´0 .5 θ WP )¨Z e , where Z e is the depth of the soil surface evaporation layer (m).
Estimation of Water Stress Coefficient
In a similar way to the K e coefficient, the estimation of the water stress factor (K s ) involves the computation of a daily soil water balance in the root zone. The estimation of K s requires the definition of a threshold value of the mean water content at the root zone, expressed as the cumulative water depletion depth for day i (D r,i ). Water stress begins when D r,i exceeds the readily available water in the root zone (RAW). For D r,i < RAW, K s = 1, whereas for D r,i > RAW, K s is calculated as:
where TAW (mm) is the total available water in the root zone and ρ is the fraction of TAW that can be depleted from the root zone under non-stress conditions. TAW is estimated as:
TAW " 1000 pθ FC´θWP q Z r (6) where θ FC and θ WP (cm 3¨c m´3) are the soil water content at field capacity and wilting point, respectively, and Z r is the crop rooting depth (m).
Soil Water Balance Parameterization
The relationship between the Soil Adjusted Vegetation Index (SAVI) and K cb allowed the direct integration of VI into the FAO-56 soil water balance model. The spatial representation of the model depends on the scale of the inputs parameters. Working with Landsat images the spatial scale is 30ˆ30 m, but, considering the possible inaccuracies in the images processing, we selected a square of 90ˆ90 m formed by 9 pixels (around 1 ha). The estimation of K e was implemented for the apple orchard characteristics, taking into account that the vegetation cover at midseason was 30% and 40% for the 2010-2011 and 2012-2013 growing seasons, respectively. This could lead to a high water evaporation rate after irrigation or rainfall events. According to [37] , a value of REW of 4 mm was used to avoid the total consumption of evaporable water in just a few days. A surface soil evaporation layer with a depth of 0.10 m was adopted because the soil is shaded by trees and covered by weeds. The observed fraction of the soil wetted by irrigation events was 0.3, while the fraction of wetted and Remote Sens. 2016, 8, 253 6 of 20 exposed soil was estimated following the FAO-56 approach. The depletion fraction (p) was set at 0.50 for ET c , approximately 5 mm¨day´1. The field capacity and wilting point were obtained from the soil textures using the equation derived by [38] . The parameters used in this study are shown in Table 1 . An eddy covariance system (EC) was installed in the field for three months, coinciding with the midseason growth stage to measure the latent and sensible heat fluxes. In the 2012-13 season, measurements were extended from November 2012 to April 2013. The EC system consists of an open-path infrared gas analyzer (IRGA) (LI-7500, Licor Inc., Lincoln, NE, USA), to measure the concentrations of water vapor and carbon dioxide in the air, and a 3D sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA), to measure wind velocity components and temperature variations. In both seasons, the IRGA fast response was calibrated before the field campaign began. The frequency analysis of wind direction showed that the dominant directions were south and southwest (See Figure 1) . The sensors were oriented towards the dominant wind direction and located at a height of 6 m above the ground surface. The source area for the turbulent fluxes (fetch) was calculated following [39] . The analysis of the footprint model showed that the peak footprint location (x max ) was obtained at 15 m and a cumulative normalized contribution to the flux measurement (CNF) of 90% was obtained at 278 m that represents a height to fetch ratio of 1:46. This ratio is less than conventional ratio 1:100 usually considered for studies made over agricultural crop surfaces but consistent with other field observations reporting fetch to height ratios ranging from 1:15 to 1:75 [40] [41] [42] [43] .
The measurements were sampled at a frequency of 10 Hz and were recorded into high frequency files in a datalogger CR5000 (Campbell Scientific Inc., Logan, UT, USA). The average values were calculated and recorded every 15 min. Raw sensible and latent heat fluxes were corrected for air density fluctuations, effects of sensor separation, sampling frequency and path-length averaging according to [11, 44] . Data were averaged to obtain the daily flux values, including data obtained during the night period. The energy fluxes coming from north, northeast and northwest wind direction were rejected and the gaps were imputed based on the environmental conditions associated with the missing data [45, 46] using a multivariate model. The associated climatic variables were net radiation, air temperature, relative humidity, vapor pressure deficit, considering the last one as a major driver of latent heat flux [45] . Missing data during some days was due to problems with the power supply and IRGA signal obstruction on rainy days.
In addition to the EC system, a CNR1 net radiometer (Kipp & Zonen B.V., Delft, The Netherlands) was mounted at 5.35 m above the ground to measure the net radiation (Rn), and eight HFP01 plates (Hukseflux B.V., Delft, The Netherlands) were placed at four spatially representative positions (2 intra-row and 2 inter-row) to capture the lighting and shading patterns that can affect the soil heat flux (G) in heterogeneous covers [17] such as fruit orchards. The plates were buried at a depth of 8 cm and were accompanied by two chrome-constantan thermocouples (TCAV, Campbell Sci. Inc.) at depths of 2 and 4 cm. Additionally, two sets of capacitance probes (EC-5 Decagon Devices, Inc., Pullman, WA, USA) were buried at 8, 20, 40 and 60 cm in depth to supervise the irrigation events and the depletion dynamics (data not shown here). One set was placed close to the drip emitters and the other set at the center of the inter-row area. The volumetric water content was obtained through the standard calibration equation recommended by the manufacturer.
The soil heat flux (G) was calculated following the combined method [47] , which considers the heat capacity of the surface soil to correct the heat flux measured by plates. G measurements were averaged, taking into account the vegetation fraction cover at midseason (30%-40%). The soil heat flux and temperature measurements were recorded every 10 s and averaged every 15 min in a datalogger CR3000 (Campbell Scientific Inc., Logan, UT, USA). In this study, the energy imbalance was corrected by Bowen Ratio closure approach [48] .
The reference evapotranspiration (ET o ) and precipitation were obtained using meteorological data from an automatic weather station-installed over grass with optimum growth conditions-located one km from the experimental site (35˝25 1 20"S; 71˝23 1 11"W). The daily ET o was calculated using the FAO-56 Penman-Monteith equation [3] .
To evaluate the water status of the apple trees, the midday stem water potential was measured by a pressure chamber (PMS600, PMS Instruments Company, Corvallis, OR, USA). The stem water potential was measured at solar noon on 18 fully expanded leaves located near the bases of the trees. Selected leaves were saved in plastic bags covered with aluminum foil for 2 h before the measurement [49] . The measurements were taken weekly from December to January during the 2010-2011 and from November to March during the 2012-2013 growing season.
Remote Sensing Data Acquisition and Processing
The assessment of the remote sensing-based soil water balance used satellite images acquired by the Landsat-5 thematic mapper (L5-TM), Landsat-7 enhanced thematic mapper plus with the scan line corrector off (L7-ETM+) and Landsat-8 operational land imager (L8-OLI) sensors (Path-Row 233-085). Fortunately, the plot is located in the gap-free zone for L7-ETM+ images. Thus, the information provided was useful in describing the temporal evolution of the canopy. The images were provided by the NASA Land Processes Distributed Active Archive Center (LPDAAC, Sioux Falls, SD, USA) and selected using the Global Visualization Viewer (GloVis) tool. Twenty-five cloud-free images over the study area were used with a minimum of nine images per growing campaign. The image dates are listed in Table 2 . Landsat Standard Terrain Correction (Level 1T) data were provided every 16 days. This product has been geometrically corrected and georeferenced. The image processing included the atmospheric and radiometric corrections of the optical bands using the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes module (FLAASH) implemented in ENVI 4.5 [50] . The FLAASH code based on the radiative transfer model MODTRAN4 [51] and the 6S model [52] retrieved atmospheric water vapor content and monthly aerosol data. The procedure included the image calibration using the coefficients proposed in the literature for L-5 TM y L-7 ETM+ [53] .
To evaluate the performance of the atmospheric correction method, eight surface SAVI images obtained using the FLAASH were compared with SAVI images obtained from Landsat Surface Reflectance products. The comparison was applied to a 3ˆ3 km (100ˆ100 pixels) section of the study area and did not utilize SAVI values lower than 0.1 (non-vegetated areas). The values of SAVI obtained by both approaches fit quite well, with a root mean square error (RMSE) lower than 0.00022 for all dates. These results support the atmospheric correction method used in the present study.
In this study, the SAVI was chosen to model the basal crop coefficient [54] . SAVI minimizes the variations in the vegetation index due to the background soil brightness, which could become significant in fruit orchards with heterogeneous cover. SAVI is defined as:
where NIR and red are the reflectances in the near infrared and red bands of the electromagnetic spectrum, respectively. L is an adjustment factor that reduces the soil background influences under different vegetation cover conditions. The optimal value of L decreases as vegetation cover increases: L = 1 for very low vegetation densities, L = 0.5 for intermediate vegetation densities and L = 0.25 for higher densities. A single value of L = 0.5 was used in this study, which was shown to reduce soil noise considerably throughout the range in vegetation densities [8, 20, 27, 54] . The vegetation indices were calculated on a pixel-by-pixel basis and averaged over a 90ˆ90 m area (3ˆ3 pixels), departing from the tower station in the main wind direction to represent the heterogeneity in the orchard but avoiding the edge effects.
Statistical Analysis
Daily and weekly values of measured and estimated ET c were compared by using a linear regression analysis and a series of statistics described by [55] : RMSE, mean absolute error (MAE), mean bias error (MBE) and index of agreement (d) used as a relative measure of the difference among variables. Perfect agreement would exist between observed and modeled values if d = 1. Additionally, the relative RMSE and relative MAE were provided to evaluate the models performance [56] .
Results and Discussion

Meteorological Conditions and Plant Water Status
The temporal evolution of ET o , the precipitation events and the amount and timing of irrigations applied by the grower for both seasons are shown in Figure 2 
Energy Balance Closure and Measured Values of ETc and Kc in the Apple Orchard
Direct measurement of the four energy balance components were evaluated in the analyzed study site. Figure 3 shows the linear fit between the sum of sensible and latent heat fluxes (H + LE) and the available surface energy (Rn − G) at daily time scale. The regression exhibited a slope of 0.87 and an intercept of 13 W·m −2 . The coefficient of determination was 0.83. These results showed an underestimation of the turbulent fluxes lower than 13% of the total available energy and an RMSE of 22 W·m −2 , which is in agreement with other studies based on this type of micrometeorological measurements in similar canopies [59, 60] . According with the most recent studies, the lack of energy balance closure does not constitute a clear evidence for erroneous turbulent flux measurements and other causes such the storage of energy and heat in the canopy biomass, the storage of heat in the soil layer over the heat flux sensors and metabolism could contribute to this imbalance [61] . Conversely, many authors propose the correction of energy balance imbalance that could be attributed to measurements errors in Rn and G, inconsistent source areas between EC sensible and latent heat fluxes and surface available energy, length of sampling intervals, sensor separation, and dispersive fluxes not sampled by EC system [62] . The most widespread methods to correct the energy imbalance are the Bowen ratio (BR) and the residual energy correction method (ER). In this paper we adopted the BR approach suggested by [48] as the most appropriate. The BR correction method assumes that H and LE are underestimated, and available surface energy is considered reliable and representative of the eddy covariance flux footprint. According to [48, 63] , no compelling evidence 
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Direct measurement of the four energy balance components were evaluated in the analyzed study site. Figure 3 shows the linear fit between the sum of sensible and latent heat fluxes (H + LE) and the available surface energy (Rn´G) at daily time scale. The regression exhibited a slope of 0.87 and an intercept of 13 W¨m´2. The coefficient of determination was 0.83. These results showed an underestimation of the turbulent fluxes lower than 13% of the total available energy and an RMSE of 22 W¨m´2, which is in agreement with other studies based on this type of micrometeorological measurements in similar canopies [59, 60] . According with the most recent studies, the lack of energy balance closure does not constitute a clear evidence for erroneous turbulent flux measurements and other causes such the storage of energy and heat in the canopy biomass, the storage of heat in the soil layer over the heat flux sensors and metabolism could contribute to this imbalance [61] . Conversely, many authors propose the correction of energy balance imbalance that could be attributed to measurements errors in Rn and G, inconsistent source areas between EC sensible and latent heat fluxes and surface available energy, length of sampling intervals, sensor separation, and dispersive fluxes not sampled by EC system [62] . The most widespread methods to correct the energy imbalance are the Bowen ratio (BR) and the residual energy correction method (E R ). In this paper we adopted the BR approach suggested by [48] as the most appropriate. The BR correction method assumes that H and LE are underestimated, and available surface energy is considered reliable and representative of the eddy covariance flux footprint. According to [48, 63] , no compelling evidence exists to confirm that the eddy covariance method only underestimates LE, but BR correction has been effective in other studies over fruit orchards as oranges, olives, vineyards [8, 20, 42, 59, 64] . In addition, we founded that the correction of LE flux based on BR method improve the stability of the experimental values of the crop coefficient, reducing the presence of spikes or unreal values in the temporal evolution of this coefficient. The correction based on the BR method increases the LE values in 10 W¨m´2 on average, or 17% of the measured LE data. exists to confirm that the eddy covariance method only underestimates LE, but BR correction has been effective in other studies over fruit orchards as oranges, olives, vineyards [8, 20, 42, 59, 64] . In addition, we founded that the correction of LE flux based on BR method improve the stability of the experimental values of the crop coefficient, reducing the presence of spikes or unreal values in the temporal evolution of this coefficient. The correction based on the BR method increases the LE values in 10 W·m −2 on average, or 17% of the measured LE data. The observed differences between the mean values of Kc for the two studied seasons could be explained by the difference in the peak of the ground cover fraction (30% and 40% in 2010-2011 and 2012-2013 season, respectively). The midseason Kc values obtained in this study were similar to the values reported by [65] (between 0.65 and 0.77) obtained from weighing lysimeter measurements for a Golden Smoothee apple orchard with a comparable canopy size (34%-40%). However, for a cover fraction of 45%, reference [65] observed a higher Kc (1.04). Additionally, references [3, 7] suggested Kc values of 1.2 and 1.15, respectively, for apple trees with active ground cover and a fraction cover of 0.5. The observed differences between the mean values of K c for the two studied seasons could be explained by the difference in the peak of the ground cover fraction (30% and 40% in 2010-2011 and 2012-2013 season, respectively). The midseason K c values obtained in this study were similar to the values reported by [65] (between 0.65 and 0.77) obtained from weighing lysimeter measurements for a Golden Smoothee apple orchard with a comparable canopy size (34%-40%). However, for a cover fraction of 45%, reference [65] observed a higher K c (1.04). Additionally, references [3, 7] suggested K c values of 1.2 and 1.15, respectively, for apple trees with active ground cover and a fraction cover of 0.5. 
Seasonal Evolution of SAVI
The seasonal evolution of the SAVI of the drip-irrigated apple orchard is shown in Figure 5 along with the Kcb obtained from eddy covariance system. Kcb and SAVI time series showed to be in agreement. The shaded area represents the midseason, when the inter-row ground cover is dry, and the value of the SAVI were mainly attributable to the apple canopy. However, the SAVI values at the initial, crop development and late season growth stages exhibited the effect of weed cover growing in the inter-row area. It should be noted that the SAVI values at the initial and crop development growth stages represented the growth of the apple-weeds cover mixture. In this study site, the inter row weeds dried naturally in early December for both seasons. From this date until harvest, the SAVI values belonged to the apple canopy. The evolution of SAVI showed the differences of full canopy cover between both growing seasons due to the orchard age. Since the full cover was lower in 2010-2011 season and some precipitation events occurred in March and April, the SAVI values of post-harvest period showed a noted increase due to a greater growth of weeds in early April. The 2012-2013 season showed a constant value of SAVI in post-harvest period until the leaf drop which means a low weeds cover because the precipitation events started in May. However, Kcb values showed a reduction after harvest ( Figure 5, 2012-2013 season) . Fruit sink removal decreases the tree water use [65] . SAVI was selected to derive Kcb for the apple orchard because it was less sensitive to background effects while NDVI showed a higher variation during the analyzed campaigns that did not correspond with variations in the analyzed canopy [54] . 
The seasonal evolution of the SAVI of the drip-irrigated apple orchard is shown in Figure 5 along with the K cb obtained from eddy covariance system. K cb and SAVI time series showed to be in agreement. The shaded area represents the midseason, when the inter-row ground cover is dry, and the value of the SAVI were mainly attributable to the apple canopy. However, the SAVI values at the initial, crop development and late season growth stages exhibited the effect of weed cover growing in the inter-row area. It should be noted that the SAVI values at the initial and crop development growth stages represented the growth of the apple-weeds cover mixture. In this study site, the inter row weeds dried naturally in early December for both seasons. From this date until harvest, the SAVI values belonged to the apple canopy. The evolution of SAVI showed the differences of full canopy cover between both growing seasons due to the orchard age. Since the full cover was lower in 2010-2011 season and some precipitation events occurred in March and April, the SAVI values of post-harvest period showed a noted increase due to a greater growth of weeds in early April. The 2012-2013 season showed a constant value of SAVI in post-harvest period until the leaf drop which means a low weeds cover because the precipitation events started in May. However, K cb values showed a reduction after harvest ( Figure 5, 2012-2013 season) . Fruit sink removal decreases the tree water use [65] . SAVI was selected to derive K cb for the apple orchard because it was less sensitive to background effects while NDVI showed a higher variation during the analyzed campaigns that did not correspond with variations in the analyzed canopy [54] . 
Kcb Modeled from SAVI
As mentioned previously, the Kcb values were obtained by the SAVI-Kcb linear relationship. This relationship was established between the observed maximum and minimum Kcb and their corresponding maximum and minimum values of SAVI as suggested by previous studies [8, 19, 26] . The average maximum SAVI was 0.37 at effective full cover when the inter-row weeds were dead, and its corresponding average maximum Kcb was 0.61. The dates that achieved these requirements were 1 January 2011, 27 November 2012, 30 January 2013, 15 February 2013 and 19 March 2013. On the other hand, the minimum SAVI value was 0.12 averaged from bare soil next to the study site, and its corresponding minimum Kcb was 0.15, which was taken from FAO-56 [3] for apple trees after leaf drop over dead ground cover or bare soil because the evaluated orchard presented active weeds after leaf drop until December. The resulting equation for the study apple orchard is shown in Figure 6 . The SAVI-Kcb relationship resulted in a high coefficient of determination (R 2 = 0.95).
Previous efforts have reported VI-Kcb linear relationships for several herbaceous crops, such as corn, wheat, cotton, potato, sugar beet and garlic [6, 15, 19, [24] [25] [26] [27] 66] , however there are few studies for fruit trees. In that regard, the SAVI-Kcb and NDVI-Kcb linear relationships for vineyards have been reported by [8, 20] , whereas [27] recently applied linear relationships for mandarin, olive and peach and concluded that additional research with other crops would be desirable.
Since the relationship between VI and crop coefficient was based on the basal crop coefficient Kcb, that is defined as the ratio of the crop evapotranspiration over the reference evapotranspiration when the soil surface is dry but transpiration is occurring at potential rate [3] , the value of Kcb is only affected by the canopy development. The effect of the soil moisture in the plant transpiration is provided by the water stress coefficient, while the effect of soil moisture in surface evaporation is provided by the soil evaporation coefficient. The relationship presented in Figure 6 was used during the whole growing season. Unfortunately, Kcb-SAVI pairs during the development and late-season 
K cb Modeled from SAVI
As mentioned previously, the K cb values were obtained by the SAVI-K cb linear relationship. This relationship was established between the observed maximum and minimum K cb and their corresponding maximum and minimum values of SAVI as suggested by previous studies [8, 19, 26] . The average maximum SAVI was 0.37 at effective full cover when the inter-row weeds were dead, and its corresponding average maximum K cb was 0.61. The dates that achieved these requirements were 1 January 2011, 27 November 2012, 30 January 2013, 15 February 2013 and 19 March 2013. On the other hand, the minimum SAVI value was 0.12 averaged from bare soil next to the study site, and its corresponding minimum K cb was 0.15, which was taken from FAO-56 [3] for apple trees after leaf drop over dead ground cover or bare soil because the evaluated orchard presented active weeds after leaf drop until December. The resulting equation for the study apple orchard is shown in Figure 6 . The SAVI-K cb relationship resulted in a high coefficient of determination (R 2 = 0.95).
Previous efforts have reported VI-K cb linear relationships for several herbaceous crops, such as corn, wheat, cotton, potato, sugar beet and garlic [6, 15, 19, [24] [25] [26] [27] 66] , however there are few studies for fruit trees. In that regard, the SAVI-K cb and NDVI-K cb linear relationships for vineyards have been reported by [8, 20] , whereas [27] recently applied linear relationships for mandarin, olive and peach and concluded that additional research with other crops would be desirable.
growing season for vineyard [8] and wheat [67] . It should be noted the similarity between the apple relationship obtained in this work and the previous relationship reported by [8] 
Evaluation of the One Layer Soil Water Balance Model for Estimating ETc
The remote sensing-based water balance was applied, assimilating the reflectance based Kcb values, meteorological data and applied irrigation depths doses and dates at a daily scale. The modeled and measured ETc values were compared during the midseason for both campaigns (Figure 7) . The results at the daily scale indicate a reasonable agreement between the observed and modeled ETc values, with an RMSE lower than 0.78 mm·day −1 for both analyzed campaigns, which is equivalent to relative errors of 25%. Similar values of relative RMSE of daily ETc (19%-27%) was also reported by [56] for a land cover of annual crops mainly. The general agreement was slightly better for the 2012-2013 campaign with an RMSE of 0.74 mm·day −1 and an index of agreement (d) of 0.90 (Table 3) .
As described in previous applications of the remote sensing-based water balance model [8, 59] , the greater discrepancies between modeled and measured ETc were found after precipitation and irrigation events. Wetting events produced an overestimation of daily ETc due to bare soil evaporation that are not adequately simulated by the dual approach at a daily scale, but the total amount for longer periods seems to be properly modeled [36, 37] . The comparison of ETc for a weekly period indicated a considerably better agreement for both growing seasons, reducing the RMSE to values lower than 0.60 mm·day −1 in both campaigns, which mean a relative error less than 20% (Table 4 ). The improvement of the model performance on a weekly basis was due to several reasons Figure 6 . K cb -SAVI linear relationship for the studied apple orchard. K cb values at effective full cover correspond to the apple canopy without weeds.
Since the relationship between VI and crop coefficient was based on the basal crop coefficient K cb , that is defined as the ratio of the crop evapotranspiration over the reference evapotranspiration when the soil surface is dry but transpiration is occurring at potential rate [3] , the value of K cb is only affected by the canopy development. The effect of the soil moisture in the plant transpiration is provided by the water stress coefficient, while the effect of soil moisture in surface evaporation is provided by the soil evaporation coefficient. The relationship presented in Figure 6 was used during the whole growing season. Unfortunately, K cb -SAVI pairs during the development and late-season growth stages were not available to discuss in depth the possible variations in this relationship due to the various crop growth stages and the understory vegetation effect. Nevertheless, previous works indicated a good correlation between K cb or related parameters and VI during the entire growing season for vineyard [8] and wheat [67] . It should be noted the similarity between the apple relationship obtained in this work and the previous relationship reported by [8] for a row structured fruit orchard (vineyard). Although the development and analysis of specific relationships for new crops or canopies with different management are always recommended, the similarities founded in this study point to the evaluation of previous equations for the assessment of ET c and irrigation requirements in several fruit trees.
Evaluation of the One Layer Soil Water Balance Model for Estimating ET c
The remote sensing-based water balance was applied, assimilating the reflectance based K cb values, meteorological data and applied irrigation depths doses and dates at a daily scale. The modeled and measured ET c values were compared during the midseason for both campaigns (Figure 7) . The results at the daily scale indicate a reasonable agreement between the observed and modeled ET c values, with an RMSE lower than 0.78 mm¨day´1 for both analyzed campaigns, which is equivalent to relative errors of 25%. Similar values of relative RMSE of daily ET c (19%-27%) was also reported by [56] for a land cover of annual crops mainly. The general agreement was slightly better for the 2012-2013 campaign with an RMSE of 0.74 mm¨day´1 and an index of agreement (d) of 0.90 (Table 3) . application of irrigation needs. Another factor that could explain the difference between the measured and modeled values of ETc is the flux source area measured by eddy covariance system which depends of wind direction, also observed by [59] in olives. The different condition of the large area measured by eddy covariance system could include information from irrigation subunits with different irrigation timing (wet and dry) that could differ from the model inputs. The modeled area only included the subunit close to the eddy station (wet or dry). As described in previous applications of the remote sensing-based water balance model [8, 59] , the greater discrepancies between modeled and measured ET c were found after precipitation and irrigation events. Wetting events produced an overestimation of daily ET c due to bare soil evaporation that are not adequately simulated by the dual approach at a daily scale, but the total amount for longer periods seems to be properly modeled [36, 37] . The comparison of ET c for a weekly period indicated a considerably better agreement for both growing seasons, reducing the RMSE to values lower than 0.60 mm¨day´1 in both campaigns, which mean a relative error less than 20% (Table 4) . The improvement of the model performance on a weekly basis was due to several reasons as the reduction of the effect of meteorological conditions in the values of K c [49] and the improvement of the precision of the top soil evaporation sub-model when the results are analyzed for weekly or greater time periods [37] . This improvement in the model performance was greater in the 2010-2011 campaign because the canopy development was lower during all the season resulting in a greater influence of the soil evaporation component. In addition, a weekly scheduling is a common practice and an adequate time lapse used in commercial orchards for the assessment and application of irrigation needs. Another factor that could explain the difference between the measured and modeled values of ET c is the flux source area measured by eddy covariance system which depends of wind direction, also observed by [59] in olives. The different condition of the large area measured by eddy covariance system could include information from irrigation subunits with different irrigation timing (wet and dry) that could differ from the model inputs. The modeled area only included the subunit close to the eddy station (wet or dry). Most of the works addressing the remote sensing-based water balance over row structured fruit trees have been done over vineyard, olives or other fruit than apple. Here, satellite-based crop coefficient and ET c for apple orchard was reported and the model accuracy was compared with previous works that estimated ET c for similar canopies using satellite data. The RMSEs obtained in this study for both growing seasons were lower than the range reported by [31] (0.9-1.0 mm¨day´1) for a land cover roughly classified as apple orchard (4.5 m height) with dispersed crops (wheat) using visible, near-and thermal-infrared data from MODIS products. Working in similar canopies like vineyards on a trellis system [30] obtained an RMSE equal to 0.45 and 0.76 mm¨day´1 during two consecutive growing seasons comparing EC measurements and ET c derived from a remote sensing-based water balance, using the relationship between NDVI and the single crop coefficient K c . For a variety of rainfed and irrigation vineyards, reference [68] obtained an RMSE lower than 0.65 mm¨day´1 for each analyzed campaign using a satellite-based crop coefficient and one layer soil water balance. In a row structured vineyard, reference [69] obtained an RMSE of 0.47 mm¨day´1 (17% of the measured values) using the single crop coefficient approach based on the FAO-56 tabulated coefficients. Additionally, the authors reported an RMSE of 0.37 mm¨day´1 (13% of the measured values) by dual crop coefficient approach combined with sap-flow techniques. A similar range of the RMSE for ET c estimations using the crop coefficient vs. vegetation index relationship was also reported for peach (0.9 mm¨day´1) and olive (0.32-0.73 mm¨day´1) [27] .
In addition, we want to highlight the possible limitation of the FAO-56 soil water balance model for the assessment of the root zone water depletion and stress coefficient in the present conditions, that is a drip irrigated apple orchard with active inter-row weeds during the initial and crop development growth stages. Firstly, the model considered the whole area as equally wetted and explored by the roots of the apple trees. However, for widely spaced crops as apple trees, drip-irrigation systems normally wet only a portion of the horizontal, cross-sectional area of soil [70] . Previous studies have demonstrated that some fruit trees, such as apple, kiwifruit and olive, can modify their pattern of water uptake in preference to roots placed in wet soil bulb [71] [72] [73] . Specifically, in mature apple trees, reference [71] observed that 70% of tree water uptake occurred in the top 0.4 m, because there were many fine roots near the soil surface. These studies indicate that apple trees are able to increase uptake from wet parts of the soil while reducing uptake from the dry parts of the root zone. In our study, the moisture sensors buried at the center of the inter-row showed that this area was not affected by irrigation events due to a combination of irrigation amounts, the location of the drip system and soil texture. This partial allocation of water amounts in the soil area could result in an overestimation of the water stress conditions simulated by the model, which distributed the irrigation water in the whole area. In other words, the simulation results in a misrepresentation of the water stress conditions that might not match the actual conditions. Secondly, the senescence of the weeds in the center of the alley during the midseason indicated that they did not use the irrigation water in this area. Nevertheless, during the initial and crop development growth stages, the soil water balance based on medium resolution satellite data will result in K cb values which consider the transpiration of apple tree and weeds. Additional research would be desirable to achieve a separated water balances [59, 74] -incorporating high resolutions satellite data-for the areas affected and non-affected by irrigation to obtain an accurate estimation of ET c and optimize water management in orchards.
The remote sensing-based water balance model was inverted to estimate the optimum irrigation requirements according to the proposed formulation and constraints in reference to the maximum daily irrigation dose. The modeled irrigation water needs to avoid water stress were 457 in 2010-2011 and 412 mm in 2012-2013. These requirements resulted from the combination of ET o , precipitation and K c values for the each growing season (September to May). The accumulated ET o during 2010-2011 growing season was higher than 2012-2013 growing season (975 and 875 mm, respectively), whereas rainfall was lower (255 and 373 mm, respectively).
On the other hand, the midseason K c values were higher for the second growing season (0.63 and 0.73 for 2010-2011 and 2012-2013 growing seasons, respectively) due to a greater vegetation cover attributed to the orchard age. The modeled irrigation requirements are lower than the irrigation applied by the grower for both seasons (547 mm and 439 mm in 2010-2011 and 2012-2013 season, respectively). Even though the amount of irrigation applied by the grower was greater than the modeled one, a reduction of the stress coefficient, and, thus, K c value in precise moments showed that irrigation timing was inadequate. In addition, the deep percolation observed with the grower irrigation was greater than the modeled one due to irrigation applied closer to precipitation events. Hence, the results indicate a potential improvement in the irrigation scheduling based on the model discussed here and the need to implement advisory services based on precise models, such as the methodology described in this paper.
Conclusions
The main results of this work have demonstrated that the satellite-based soil water balance was able to appropriately estimate crop evapotranspiration at field canopy scales and water depletion for an apple orchard during two growing seasons (2010-2011 and 2012-2013) in Maule Region, Chile. The RMSE between the measured and modeled daily ET c was 0.78 and 0.74 mm¨day´1 for 2010-2011 and 2012-2013 seasons, respectively. However, weekly basis ET c estimation improved the model performance avoiding the inaccurate simulation of peak values after wetting events (0.32 and 0.60 mm¨day´1 for the first and second seasons, respectively). The essential parameter to estimate ET c was the reflectance-based crop coefficient obtained from satellite images, which responds to actual crop conditions in the field. This parameter was obtained using a linear relationship established between the basal crop coefficient and SAVI due to the similarity in the temporal pattern of both parameters. The linear relationship developed for the apple orchard resulted in a significant similarity with a previous relationship for row structured grapes. The results allow for the conclusion that the remote sensing-base water balance could be used as an operational tool to estimate ET c and to plan the irrigation of apple orchards over large areas.
The continuous measurement of ET c data during the entire growing season should be considered in future studies to evaluate the performance of the remote sensing-based water balance in all growth stages, as well as additional ground reflectance data at initial and crop development stages, which mostly occur during cloud cover intervals.
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